In this paper, forced convective heat transfer in a rectangular channel filled with aluminium metal foam and exposed to a constant heat flux is examined numerically with the thermal non-equilibrium assumption. A constant heat flux boundary condition is applied from the upper side of the channel. A numerical model is first validated with the available experimental results. Next, the effects of different configurations of metal foams with different porosities and different PPI values on fluid flow and heat transfer are examined. Results are given by average Nusselt number and pressure drop factor for different Reynolds numbers. A performance factor is also defined and the effect of different configurations on performance factor is comparatively examined. The results show that the heat transfer rate and pressure drop significantly depending upon Reynolds number, configuration and porosity. Keywords: metal foams, convection, heat transfer, modelling, local thermal non-equilibrium, pressure drop.
INTRODUCTION
In the last two decades, metal foams have been an important area of engineering research since they can be used in various engineering applications such as filters, catalyst supporters, energy absorbers, flame arresters and also for structural applications in buildings and vehicles. Researchers and engineers who study on heat exchangers and heat sinks also became interested in metal foams, due to their high heat transfer potential. The notable feature of metal foams is defined as the existence of many voids within the material by Han et al. [1] . There are two types of metal foams: open-cell metal foams and closedcell metal foams. While closed cell metal foams consist of individual enclosures [1] , opencell metal foams are consisted of interconnected cells so the fluid flow can pass through it. While the louvered fins today are the known to be the most efficient and effective surface geometry in heat transfer point of view [2] , metal foams present better heat transfer potential due to their high surface area to volume ratio and by preventing the growth of thermal boundary layers due to its complex structure and more fluid mixing. These features are demanded in heat transfer applications.
Since metal foams are interest of research, there are many studies in the literature about the thermal use of metal foams including many helpful review studies [3] - [7] . All of the studies related about the thermal use of metal foams show that using metal foams increase heat transfer. However, this increase comes with higher pressure drop. At this point, some of the studies claim that the metal foams can increase the heat transfer performance as well [8] . Yet some other studies claim the opposite [9] , [10] . For instance, Ribeiro et al. [11] studied on the use of metal foams in condensers and found that the overall thermal conductance of the metal foam condensers was lower than that of plain fin condensers. Muley et al. [12] also studied on metal foam heat exchangers and they suggested new designs for reducing the excessive pressure drop. Hence, the idea of reducing pressure drop, while not sacrificing the heat transfer too much drives the researchers to find new designs.
In some studies, instead of putting the metal foam directly in a channel, they were used in different configurations (e.g. partially filling the channel or corrugated filling). Sener et al. [13] experimentally investigated the forced convection in partial metal foam filled channels. They used triangular, convex and concave configurations inside the channel. Lin et al. [14] numerically investigated the different configurations inside of a heat exchanger for graphite foams. They achieved high thermal performance and low pressure drop by the wavy corrugated configuration. Also, there are some other studies which used graded pore size of metal foams [15] , [16] .
Since metal foams have complex geometric characteristics. It is very difficult to model them for numerical analyses. Although there are some studies in the literature which modelled metal foams geometrically [17] , [18] , they just modelled the small part of the metal foam. Volume averaging model was used for metal foams which was actually designed for porous media. In this model, there are two approaches; first one supposes that the solid and fluid part of the medium are in thermal equilibrium and uses effective thermal conductivity for the combined effect of fluid and solid zones. While latter method is based on the idea that the fluid and solid part of the medium cannot be assumed in thermal equilibrium. Hence, solid zones and fluid zones must be solved separately and a heat transfer coefficient between the solid and fluid zones must be defined and applied. The simplified energy equations for both models are as follows:  LTE condition:
(1)  Solid zone for LTNE condition:
 Fluid zone for LTNE condition:
The difference can be seen in the equations of these models. In eqns (2) and (3), three extra terms can be seen which the h fs is the heat transfer coefficient between the solid and fluid and a fs is the interface area between fluid and solid state and k d is the thermal dispersion conductivity. Thermal dispersion is an important factor affecting heat transfer in porous media [19] .
The main drawback here is to define h fs and k d values. Since h fs and k d vary inside of the metal foam with the velocity. Assuming constant h fs and k d values will not result an accurate solution. Calmidi and Mahajan [20] studied on this problem. They prepared an experimental setup and also they modelled this experimental setup numerically in 2D. In this study, same geometry will be modelled in 3D, then numerically solved and validated first with the experimental data in the literature. Then, different configurations will be investigated. It must be noted that the numerical model of Calmidi is limited to 2D, yet this model will be a 3D model, hence some differences are expected.
MODEL

Samples and configurations
In this study, there are four types of geometries. Configuration 1 is modelled for validation; other geometries are studied for comparison between each other. In Fig. 1 , different configurations can be seen while in Table 1 , eight different situations are given.
As it can be seen in Table 1 , there are four different configurations and two different samples. Therefore, there are 8 situations which will be examined for different inlet velocities. Configuration 1 is designed identically to the geometry used in the study of Calmidi. Hence, this configuration is used for validation. The two samples are selected from the experimental study of Calmidi. Some values of the samples can be seen in Table 2 . The numbers of samples remained the same with the experimental study.
Numerical model
LTNE model is used in FLUENT for numerical solutions. For porous media, k d and h fs values are applied by using UDF codes utilizing the eqns (4) and (5). Flow is assumed laminar therefore, another UDF code is applied for obtaining laminar inlet velocity profile. A heat flux boundary condition is applied from the upper side of the channel. Applied heat flux is selected as 1500 W/m 2 for all situations. Grid sizes are selected in order to comply with the 2D numerical model in the literature.
Evaluation of parameters
The Reynolds number is defined based on permeability as follows .
(6)
The Nusselt number is defined as .
(7)
While h is defined as follows (8) ΔT avg is defined as the temperature difference between the base and inlet. L is the length of the porous zone parallel to the flow direction and ke is the effective thermal conductivity which was defined as .
(9)
Friction factor is defined as follows (10) A performance factor is also defined based on the literature [21] of cellular metals as follows (11) 296 Advances in Fluid Mechanics XII www.witpress. com, ISSN 1743-3533 (on-line) 
RESULTS
The results first obtained for configuration 1 in order to validate the results. In Fig. 2 , the numerical results and the experimental results in the literature can be seen. Simulation results were well matched with the experimental data. For higher Re numbers, numerical results start to underpredict the experimental results.
Temperature variations in the fluid zone can be seen in Figs 3-5. As it can be seen in Fig. 3 , bottom of the porous zone remained cold. This shows that the bottom part of the metal foam is not used efficiently. While in configuration 3 and 4, the temperature gradient is more prominent. In Fig. 6 , Nusselt numbers for different configurations can be seen. As expected, Configuration 1 has the highest Nu value for both samples. Configuration 4 has a higher Nusselt number than Configuration 3 for both samples. Nusselt number for Configuration 2 is about 2 times higher than other configurations for both samples. While two samples are compared between each other, the Nusselt number is higher for Sample 1.
In Fig. 7 , f values can be seen. For both samples, configuration 2 is the highest friction factor as it is expected. Configuration 4 has also higher friction factor than the one for Configuration 3. Yet, this difference is less prominent for Sample 4. Friction factor for Sample 4 is higher than the friction factor for Sample 1 which has higher porosity and lower PPI value.
In Fig. 8 , performance factor values can be seen. As it can be observed, for both samples, configuration 2 has the highest performance factor. However, it must be noted that configuration 3 and 4 have less metal foam material. Latter two configurations have 56.6% material used compared to Configuration 1 while their performance factor is about 80% of configuration 1. This means that the material is used more efficiently for configuration 3 and 4. While comparing the configuration 3 and 4 between each other. Configuration 4 seems to be slightly more advantageous than Configuration 3 especially for Sample 4. When comparing both samples, Sample 1 seems to have higher PF than Sample 4.  The heat transfer rate and pressure drop significantly depend on Reynolds number, configuration and porosity.  Using the outlying zones of the material efficiently is an important point, since heat cannot be transferred properly through porous solid.  Configuration 3 and 4 use the material in a more efficient way comparing to Configuration 1.  Results show that there are more efficient designs available for metal foams to achieve higher efficiency. 
